The purpose of this study was to characterize associations between PINK1 genotypes, PINK1 transcript levels, and metabolic phenotypes in healthy adults and those with type 2 diabetes (T2D). We measured PINK1 skeletal muscle transcript levels and 8 independent PINK1 single nucleotide polymorphisms (SNPs) in a cohort of 208 Danish whites and in a cohort of 1701 British whites (SNPs and metabolic phenotypes only). Furthermore, we assessed the effects of PINK1 transcript ablation in primary adipocytes using RNA interference (RNAi). Six PINK1 SNPs were associated with PINK1 transcript levels (P<0.04 to P<0.0001). Obesity modified the association between PINK1 transcript levels and T2D risk (interaction P‫;)500.0؍‬ transcript levels were inversely related with T2D in obese (n‫)501؍‬ [odds ratio (OR) per SD increase in expression levels‫;44.0؍‬ 95% confidence interval (CI): 0.23, 0.84; P‫]310.0؍‬ but not in nonobese (n‫)301؍‬ (OR‫;02.1؍‬ 95% CI: 0.82, 1.76; P‫)43.0؍‬ individuals. In the British cohort, several PINK1 SNPs were associated with plasma nonesterified fatty acid concentrations. Nominal genotype associations were also observed for fasting glucose, 2-h glucose, and maximal oxygen consumption, although these were not statistically significant after correcting for multiple testing. In primary adipocytes, Pink1 knockdown affected fatty acid binding protein 4 (Fabp4) expression, indicating that PINK1 may influence substrate metabolism. We demonstrate that PINK1 polymorphisms are associated with PINK1 transcript levels and measures of fatty acid metabolism in a concordant manner, whereas our RNAi data imply that PINK1 may indirectly influence lipid metabolism. 
also contribute to variations in PINK1 transcript abundance. The gene encoding the PINK1 protein (PINK1) is involved in the pathogenesis of rare, autosomal recessive forms of familial Parkinson's disease (3). Parkinson's disease is characterized by bradykinesia, rigidity, and tremor. Both the inherited and the more common idiopathic forms of Parkinson's disease appear to involve mitochondrial dysfunction and oxidative stress (4, 5) . PINK1 occupies the PARK6 locus on the short arm of chromosome 1 and seems to be essential for maintaining normal mitochondrial function in Drosophila (6 -8) . The PINK1 protein localizes to both the mitochondrial inner membrane and matrix (9) and the cytosol (10, 11) and its main biochemical function is thought to be as a serine threonine kinase (12) . The exact role for PINK1 in the cell is unclear, although it has recently been demonstrated to protect against oxidative stress-related damage (13) (14) (15) and apoptosis (14, 16) . Indeed, both reactive oxygen species (ROS) and apoptosis are considered important pathophysiological antecedents of various chronic aging-related diseases including type 2 diabetes.
The overarching objective of this study was to determine whether allelic variation at the PINK1 locus is associated with PINK1 transcript abundance and phenotypes for oxidative energy metabolism. We genotyped two cohorts of middle-aged European white adults for PINK1 gene tagging polymorphisms, assessed the association between these variants and the relevant phenotypes for oxidative energy metabolism, and followed up our observations using reverse genetics approaches in a primary cell model.
MATERIALS AND METHODS

Danish cohort
The associations between PINK1 gene variants and skeletal muscle PINK1 transcript levels were assessed in an ethnically homogeneous cohort of 208 participants aged between 22 and 84 yr, from the Copenhagen and Frederiksberg regions of Denmark. Participants with metabolic diseases known to affect body composition and metabolism, other than type 2 diabetes, were excluded. Individuals with insulin-treated diabetes were also excluded, as were those with recent or ongoing infection, a history of malignant disease, or treatment with antiinflammatory drugs. Permission to undertake the study was obtained from the Ethics Committee of Copenhagen and Frederiksberg Communities, Denmark. Measures of body composition and glucose tolerance and muscle biopsies were performed as described previously (2) . In brief, participants in this cohort attended the clinic in the morning after an overnight fast. They abstained from taking any prescribed medication for 24 h before testing to avoid any acute pharmacodynamic responses. Participants with type 2 diabetes abstained from taking oral hypoglycemic medication for 1 week before testing. After written informed consent was obtained, a history was taken and a physical examination was performed. Height and weight were measured using calibrated equipment from which body mass index (BMI) was derived. A muscle biopsy sample was taken from the vastus lateralis in the right thigh, using the percutaneous needle method with suction (17) . Muscle tissue was immediately snap-frozen in liquid nitrogen and subsequently stored at Ϫ80°C until expression analyses were performed. Immediately after the muscle biopsy, a standard 75-g oral glucose tolerance test (OGTT) was performed, with glucose levels measured at time 0 and 120 min after glucose loading. Obesity was defined according to the recommendations of the World Health Organization (BMIՆ30 kg/m 2 indicates obese; BMIϽ30 kg/m 2 indicates nonobese) (18) .
Medical Research Council (MRC) Ely population-based cohort
The associations between PINK1 gene variants and various markers of oxidative energy metabolism were assessed in 1701 participants aged between 35 and 79 yr from the MRC Ely Study, an ethnically homogeneous population-based cohort from the Eastern Anglia region of the UK. The study design, methods, and measurements have been described in detail elsewhere (19, 20) . Individuals without diagnosed type 2 diabetes were recruited to the study between 1990 and 2003, using a population-based sampling frame of all 35-to 65-yrolds living in or around the city of Ely in Cambridgeshire.
Participants underwent a maximum of 3 examinations at approximately 5-year intervals (phases 1-3). Data reported here pertain to individuals for whom complete clinical measurements and genotype data were available for analysis. If more than one data point was available, the most recent was selected for analysis. Of the outcome measures, glucose and anthropometric data were available for almost the entire cohort (nϭ1581-1701), whereas nonesterified fatty acid (NEFA) and maximal oxygen consumption (Vo 2 max) data were available for approximately half of the cohort (nϭ706 -928). Age and BMI data were available at all time points, and the relevant data point was used for each analysis. Almost all data pertaining to glucose and anthropometric measurements were derived from phase 3 of the study, whereas NEFA data were derived almost exclusively from phase 2 (conducted ϳ5 yr earlier). None of the participants had prevalent type 2 diabetes at entry into the study, although 139 individuals had incident, screen-detected diabetes diagnosed at their study examination. Approval for the study was obtained from the Cambridge Local Research Ethics Committee. At each examination, participants in the MRC Ely cohort attended the testing site the morning after an overnight fast. After written informed consent was obtained, anthropometric measures including height and weight (from which BMI was calculated) were taken as described above, and a standard 75-g OGTT was performed with blood samples taken at time 0, 30 min, and 120 min. NEFA levels were measured using an enzymatic assay (Roche Molecular Biochemicals, Lewes, Sussex, UK), as described previously (19) . Total cholesterol and triglyceride levels were measured using methods described previously (21) . After completion of the OGTT, participants underwent a submaximal exercise stress test to estimate Vo 2 max as described previously (21) . Both studies were performed in accordance with the principles of the Declaration of Helsinki as revised in 2000.
Newark, NY, USA) and total RNA was isolated as described previously (22) . Total RNA was dissolved in RNase-free water, quantified using a spectrophotometer (Pharmacia Biotech, Piscataway, NJ, USA), and reverse-transcribed using reverse transcription reagents (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's protocol. Briefly, 2 g of total RNA was reverse-transcribed in a reaction volume of 40 l including random hexamers. Real-time quantitative PCR (qPCR) was performed using an ABI Prism 7900 sequence detection system (Applied Biosystems, Foster City, CA, USA). PINK1 primers and an MGB probe were designed using Primer Express software (Applied Biosystems) (PINK1 forward primer: 5Ј-GGACACGAGACGCTTGCA; PINK1 reverse primer: 5Ј-TTACCAATGGACTGCCCTATCA; and PINK1 MGB probe: 5Ј-TTTCGGCTGGAGGAGTA). A preoptimized primer and probe assay for 18S rRNA was used as an endogenous control (Applied Biosystems). To assess amplification efficiency, 2-fold dilution series were performed for PINK1 and 18S, respectively. Based on these, cDNA was diluted 1:50 for PINK1 and 1:500 for 18S to ensure linear amplification. Primers and probes were premixed with TaqMan Universal Master Mix (Applied Biosystems) and distributed into 384-well MicroAmp Optical barcode plates (Applied Biosystems). cDNA aliquots of 4 l were added in triplicate. The amplification of genomic DNA typically amounted to a maximum of Ͻ1% of the target gene when the TRIzol protocol was used. For gene expression analysis of the short interfering (si) RNA experiments, cells were harvested for RNA isolation in TRIzol at day 3 of culture (after 48 h of transfection). RNA (1 g in a 20-l reaction volume) was reverse-transcribed using a High-Capacity cDNA kit (Applied Biosystems) according to the manufacturer's protocol. Gene expression analysis was performed using the ABI Prism 7900 sequence detection system as described above, except that SYBR Green Master Mix (Applied Biosystems) was used for detection instead of a probe. Murine Pink1 and fatty acid binding protein 4 (Fabp4) primers were obtained from the Roche universal probe library (Roche Molecular Biochemicals) [Pink1 (murine) forward primer: 5Ј-GCGAAGCCATCT-TAAGCAAA; Pink1 (murine) reverse primer: 5Ј-TGGGAC-CATCTCTGGATCTT; Fabp4 (murine) forward primer: 5Ј-CGCAGACGACAGGAAGGT; and Fabp4 (murine) reverse primer: 5Ј-TTCCATCCCACTTCTGCAC]. The same preoptimized primer and probe assay for 18S rRNA (Applied Biosystems), as used for the human study, were also used as an endogenous control for the cell culture samples. RefSeq accession numbers are as follows: PINK1 (human): NM_032409; Pink1 (murine): NM_026880; and Fabp4 (murine): NM_024406.
Genotyping
DNA from the Danish cohort was extracted by a secondary phase separation of the remaining TRIzol homogenate according to the manufacturer's protocol with modifications. Briefly, after careful removal of the RNA aqueous phase, 0.5 ml of back extraction buffer (4 M guanidine thiocyanate, 50 mM sodium citrate, 1 M Tris, and water) was added. After intense vortex, samples were spun at 12,000 g for 15 min at 4°C cycle threshold (CT). The upper aqueous phase containing DNA was transferred and precipitated with 0.4 ml of isopropanol and washed with 0.5 ml of ethanol. The DNA pellet was resolved in 8 mM NaOH. From the MRC Ely cohort, DNA was extracted from EDTA whole blood as described previously (23) .
Genotyping of the SNP markers was performed using Custom TaqMan SNP Genotyping Assays (Applied Biosystems, Warrington, UK). The genotyping assays were conducted with 10 ng of genomic DNA in a 5-l 384-well TaqMan assay using a PTC-225 Thermal Cycler (MJ Research, Watertown, MA, USA), with cycling at 95°C for 10 min and then 40 cycles of 15 s at 92°C and 1 min at 60°C. The ABI Prism 7900HT sequence detection system (Applied Biosystems) was used for end point detection and allele calling. The duplicate controls used in both cohorts were 100% concordant, and all of the SNPs genotyped were in Hardy-Weinberg equilibrium (PϾ0.05). The call rates for all SNPs genotyped in the Danish cohort were Ն99.9% and in the Ely cohort were Ն98.0%.
Cell culture and transfection
All cell culture reagents were purchased from GIBCO Invitrogen (Stockholm, Sweden) unless otherwise stated. For primary brown preadipocyte cell culture and differentiation, male NMRI mice (ages 3-4 wk; B&K, Stockholm, Sweden) were sacrificed by CO 2 , and brown adipose tissue (from the interscapular, cervical, and axillary depots) was isolated as described previously (24) . In brief, minced tissue was digested in a collagenase (type II; Sigma-Aldrich, St. Louis, MO, USA) -containing buffer, for 30 min at 37°C. The cell suspension was filtered and kept on ice for 20 min. After the top layer (mature adipocytes) was discarded, the suspension was filtered and washed in Dulbecco's modified Eagle's medium (DMEM) and resuspended in 0.5 ml of culture medium per animal. Cells were cultured in 6-well plates (Falcon, Cowley, UK) in DMEM supplemented with 10% (v/v) newborn calf serum (Invitrogen), 2.4 nM insulin, 25 g/ml sodium ascorbate, 10 mM HEPES, 4 mM glutamine, 50 U/ml penicillin, and 50 g/ml streptomycin, and 2 ml of cell suspension was added into each well.
After 24 h in culture, cells were transfected using 0.32% Lipofectamine 2000 (Invitrogen) and 20 nM siRNA in 2.5 ml of newborn calf serum-containing cell culture media (without penicillin/streptavidin) according to the manufacturer's protocol and as described previously (2) . At day 3 of culture (after 48 h of transfection), cells were harvested for RNA isolation in TRIzol. The siRNA sequences were one prevalidated siRNA (ID 1199, targeting exons 1 and 2, named P1), one predesigned siRNA (ID 180640, targeting exon 3, named P3), and a control siRNA, predesigned in such a way that it would not target any gene in the murine genome (Silencer Negative Control #1; Ambion Inc., Austin, TX, USA). All siRNAs were designed and chemically synthesized by Ambion Inc. (sequences can be obtained on request).
Statistical analysis
All statistical analyses for the human data were performed using SAS software (version 9.1; SAS Institute, Inc., Cary, NC, USA). Tagging polymorphisms were identified with pairwise tagging in the phase 2 HapMap CEU panel (build 35) (25) using Tagger (Haploview software version 4.0; http://www. broad.mit.edu/mpg/haploview) ( Fig. 1) . By using this approach, all common variants (i.e., minor allele frequency Ն5%) that lie within the PINK1 region should be captured with an r 2 cutoff of 0.90. We were unable to type rs3121680, which tags rs512550. However, we included five additional PINK1 genotypes, which incorporated coding variants and genotypes within the neighboring DDOST gene (see Supplemental Table S1 ). Linkage disequilibrium (LD) between pairs of genotypes was also assessed using Haploview version 4.0. In the British and Danish cohorts, generalized linear regression models were used to assess associations between different PINK1 genotypes and various phenotypic characteristics.
When the numbers of individuals with the minor homozygous genotype were less than 5, minor allele carriers were combined before analyses (i.e., to form a dominant model). Interactions between obesity and genotype or transcript level were tested using generalized linear models by fitting an interaction term (BMIϫgenotype or BMIϫtranscript level) with additional adjustment for covariates including BMI and genotype or transcript level (see ref. 26 for a detailed overview of statistical interaction modeling). To control for the number of statistical tests performed for the genotype analyses, we used Holm's procedure (27) to adjust P values within each hypothesis set. Hypothesis sets comprised all tests of genotypic association for each specific phenotype (e.g., transcript level, NEFA or glucose concentrations, or level of Vo 2 max). Holm's procedure (27) is an adaptation of the Bonferroni correction, in which all hypothesis tests undertaken are ranked according to their P value and the denominator for each correction is defined by the number of tests within that rank-ordered list with higher P values. Thus, the least significant hypothesis test is divisible by 1, the second least significant hypothesis test by 2, and so on until all P values within the list have been corrected. For the siRNA experiments, 18S-adjusted CT values for each sample were related to the mean adjusted CT value for the control samples (untreated, Lipofectamine control, and siRNA control) in each experiment, and then the mean adjusted CT value for all experiments was calculated. The results are presented as a percentage of mRNA abundance for control samples (meanϮse). ANOVA was used to analyze both the human gene expression levels and the cell-based responses. When a significant F ratio was achieved, post hoc analysis (Tukey) was used to make individual comparisons and generate P values. A 2-sided value of P Ͻ 0.05 was considered statistically significant. Tables 1 and 2 , respectively. Pairwise LD (r 2 ) is shown in Fig. 1 for the 10 PINK1 genotypes in the British cohort. Two pairs of SNPs were in near perfect LD (rs1043424 vs. rs12410193: r 2 ϭ0.99 and rs622525 vs. rs3131713: r 2 ϭ0.98); therefore, only the results for 8 independent SNPs are reported below. All genotypes were in Hardy Weinberg equilibrium (PϾ0.1) (see Supplemental Table S1 ). Genotype counts are shown in Table 3 . Because most of these genotypes were selected as tagging SNPs, marking distinct genomic regions, the level of pairwise LD is moderate to low for the tagging SNPs.
RESULTS
Participant characteristics for the Danish and British populations are shown in
PINK1 transcript levels and type 2 diabetes (Danish cohort)
Within the Danish cohort, we examined the relationship between diabetes status and levels of skeletal muscle PINK1 transcripts. Of the 208 individuals in the cohort, 88 individuals had fasting or 2-h glucose concentrations consistent with a diagnosis of type 2 diabetes (cases) and 89 individuals had normal 2-h glucose concentrations (controls). The remainder of the Danish cohort (nϭ41) had impaired fasting and/or 2-h glucose concentrations and to maximize the sample size were also included as controls. Using the casecontrol set described above and after adjustment for 18S, age, sex, and BMI, we observed a significant interaction between PINK1 transcript levels and obesity (Pϭ0.005) on type 2 diabetes risk. Among obese par- 
Associations between PINK1 genotypes and PINK1 transcript levels (Danish cohort)
We assessed the association between PINK1 variants and skeletal muscle PINK1 transcript levels. As shown in .0001) were significantly associated with PINK1 transcript levels after adjustment for 18S, age, sex, and BMI. In general, the minor allele was associated with higher PINK1 expression levels, with the exception of the one SNP in the coding region, rs3738136, and one of the intergenic SNPs, rs2298299, for which the minor alleles were associated with a lower expression of PINK1.
Associations between PINK1 genotypes and NEFA concentrations (British cohort)
As described above, the association between PINK1 transcript levels and type 2 diabetes was observed in obese but not lean individuals, indicating that obesity modifies the metabolic effects of the PINK1 gene. Therefore, we tested for interaction between PINK1 genotypes and BMI on NEFA concentrations. In these models, significant interactions were observed for several PINK1 genotypes (rs1043424, rs1079965, rs3738136, rs622525, rs1241019, and rs650616) on fasting NEFA and 30-min NEFA concentrations ( Fig. 2A,  B) . with the exception of rs3738136, the direction of these associations is consistent with the PINK1 genotypetranscript level results in the Danish cohort. By contrast, no significant inverse associations were observed for any PINK1 genotypes and NEFA concentrations in obese individuals ( Fig. 2A, B) .
Associations between PINK1 genotypes and maximal oxidative capacity (VO 2 max) (British cohort)
Vo 2 max is expressed relative to body mass; therefore, we did not test for gene-obesity interactions with this phenotype. In the main effect models, which were tested in the entire British cohort, 3 SNPs (rs3738136, rs1043424, and rs650616) were nominally associated with Vo 2 max (PϽ0.05). As shown in Table 3 , the magnitude of the association at each locus corresponded to ϳ1 ml/kg/min higher Vo 2 max per copy of the minor allele.
Associations between PINK1 genotypes and glucose concentrations (British cohort)
We tested for gene-obesity interactions on glucose levels, but none was statistically significant. Therefore, we tested for associations between the 8 PINK1 allelic variants and fasting and 2-h glucose levels in the entire UK cohort. Only one SNP was nominally statistically associated with 2-h glucose levels (rs1079965, Pϭ0.029).
Adjustment for multiple hypothesis testing
We undertook adjustments for multiple hypotheses testing to help elucidate which of our findings are robust to type 1 error. In these analyses, the associations with transcript levels for genotypes rs10799655 (P a d j u s t e d ϭ0.02), rs2298299 (P a d j u s t e d ϭ0.025), rs650616 (P adjusted ϭ0.0036), and rs622525 (P adjusted ϭ 0.0007) remained statistically significant. In lean individuals in the obesity-dependent analyses on plasma fasting NEFA levels, genotypes rs1079965 (P adjusted ϭ0.015), rs3738136 (P adjusted ϭ0.042), rs1043424 (P adjusted ϭ0.02), rs650616 (P adjusted ϭ0.0056), and rs1241019 (P adjusted ϭ 0.018) remained significant, and for the 30-min NEFA analyses, genotypes rs1043424 (P adjusted ϭ0.02), rs650616 (P adjusted ϭ0.0049), and rs1241019 (P adjusted ϭ0.018) remained significant. No genotype associations with glucose, NEFAs or Vo 2 max when tested in the entire cohort remained statistically significant. Similarly, none of the associations with NEFAs in the obese group was statistically significant after adjustment for multiple testing (data not shown).
Fabp4 is down-regulated in primary adipocytes following Pink1 knockdown (murine cell studies)
To determine the mechanisms that underlie the PINK1 genotype associations with PINK1 transcript levels and NEFA metabolism, we isolated murine brown preadipocytes and established an RNAi model in these cells. Cells were transfected at day 1 and harvested at day 3 of culture. Gene expression was measured by qPCR. By day 3 of culture, Pink1 was nearly completely ablated by using siRNAs targeting two different sites of Pink1 (Fig.  3A) . The ablation of Pink1 led to a reduction in the expression of the lipid chaperone Fabp4 significantly for both siRNAs (Fig. 3B ) which was evaluated in *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001.
response to the clinical association data. By contrast, other markers of mitochondrial biogenesis or differentiation were unaffected by Pink1 knockdown (Supplemental Figs. S1 and S2).
DISCUSSION
The present study implicates genetic variation at the PINK1 locus in disturbed oxidative energy metabolism. We found evidence of consistent associations between PINK1 expression levels in skeletal muscle and type 2 diabetes, between PINK1 genotypes and muscle expression levels, and between PINK1 genotypes and levels of NEFAs and maximal oxidative capacity. Several of the genotype associations with NEFA levels were strong and inverse in nonobese people and were absent in obese people. Notably, one of the most consistently associated variants in this study (rs622525) was also nominally inversely associated with type 2 diabetes in a recent genome-wide scan of Scandinavian adults (per allele ORϭ0.83; 95% CIϭ0.69, 0.99; PϽ0.05) (28) . In our study, the rs622525 genotype was strongly positively associated with PINK1 transcript levels and weakly inversely associated with glucose and NEFA levels. Elsewhere, in the Diabetes Genetics Replication and Meta-Analysis (DIAGRAM) study, a type 2 diabetes case-control consortium of ϳ50,000 individuals (29), several of the SNPs genotyped in our cohorts (or their proxies) were associated with type 2 diabetes. For example, the rs3820321 genotype was nominally associated with increased type 2 diabetes risk (z risk scoreϭ2.36; Pϭ0.018); in the present study, this genotype tended to be associated with lower maximal aerobic capacity in the overall cohort and was nominally associated with decreased NEFA levels in lean individuals. The genotype associations for rs3820321 were also in a consistent direction for expression and glucose and NEFA levels, although none was statistically significant. Moreover, the CDA rs2072671 variant, which in European whites is in modest long-range LD with rs1043424 (HapMap DЈϭ0.84; r 2 ϭ0.19) and rs622525 (HapMap DЈϭ0.00; r 2 ϭ0.26), was significantly associated with a decreased risk of type 2 diabetes in the DIAGRAM study (Pϭ0.0045) (29) . Consistently, in the present study, rs1043424 was robustly associated with lower fasting and 30-min NEFA levels in lean individuals and nominally associated with decreased fasting and 30-min NEFA concentrations and higher maximal oxygen uptake in the overall cohort.
PINK1 conveys a BMI-dependent phenotype and influences oxidative metabolism
Mutations in the coding region of PINK1 have been linked to Parkinson's disease (3, 30, 31) . In this study, we observed significant associations between 5 of the 8 selected PINK1 SNPs and PINK1 skeletal muscle mRNA expression levels. Five of these SNPs locate to intergenic regions of PINK1, and the minor allele at 4 of these loci corresponds with increased PINK1 mRNA levels. The minor allele for one SNP located in the coding region (rs3738136) corresponded with decreased PINK1 expression. This is consistent with a previous report, in which the minor allele at this locus was associated with the development of Parkinson's disease (30) . However, in the current study, the same SNP was also associated with lower NEFA levels in nonobese individuals, which is inconsistent with the hypothesized effect of this variant. Therefore, given that in this study the associations between rs3738136 and transcript level or NEFA concentration were nominally statistically significant, we conclude that one or both of these observations may be false.
Although some of the genotypes associated with transcript level have inverse associations (i.e., the minor allele is associated with lower expression levels), others are positively associated. There are several plausible explanations for these differences. One is that because these are mainly tag SNPs, in some instances the minor allele tags the minor unobserved functional allele and in other cases it tags the major unobserved functional allele. It is also possible that minor and major alleles have different effects on transcription, depending on their location within the gene.
In the current study, several PINK1 genotypes are associated with PINK1 expression levels. In a concordant direction, the same SNPs were tentatively associated with maximal aerobic capacity and plasma levels of glucose and NEFA, suggesting a role for PINK1 in oxidative energy metabolism. This conclusion is supported by our recent finding that PINK1 influences glucose uptake (2) . It has been suggested that PINK1 protects the cell against ROS (13) (14) (15) and consequent apoptosis (14, 16) . Indeed, the lipid peroxidation product malondialdehyde, an early marker of Parkinson's disease, was significantly increased in cultured fibroblasts from patients with Parkinson's disease homozygous for PINK1 gene mutations (15) . Importantly, intracellular accumulation of fatty acid metabolites can contribute to the production of ROS (32) . Thus, as well as directly protecting against ROS in an antioxidant manner, PINK1 may influence the production of ROS via the regulation of intracellular lipid metabolism or acetyl group accumulation in the mitochondria. It is also possible that PINK1 participates in several pathways promoting fitness and survival of the cell. The assumption of a regulatory role in mitochondrial oxidation is consistent with the severe degenerative mitochondrial phenotypes observed in adult Drosophila when the PINK1 homolog is ablated (6 -8) and the ability to rescue this phenotype with antioxidants (13) . Whereas Drosophila experience severe apoptosis after PINK1 ablation, mice are more robust to this insult (33, 34) , probably because in mice and other mammals adequate compensatory mechanisms exist. However, the Pink1 Ϫ/Ϫ mouse is characterized by a reduction in the evoked release of dopamine (34), a defect likely to occur due to impaired energy homeostasis, which broadly supports our interpretation of the current cell and human data.
To determine whether variation in PINK1 expression might explain the genotype associations with NEFA, we knocked down Pink1 in a mitochondria-rich primary adipocyte model (murine brown adipocytes). We had established previously that reduced PINK1 expression results in impaired cell glucose metabolism (2) . In the present study, we demonstrated that loss of PINK1 expression reduced the expression of the fatty acid transport gene, Fabp4, without any evidence of loss of mitochondria or cellular apoptosis. FAPB4 is a lipid chaperone highly expressed in adipocytes but is also present in human skeletal muscle (22, 35) . FABP4 acts as a fatty acid transporter between intracellular compartments (36) and is regulated by the level of intracellular fatty acids via a peroxisome proliferator response element (37) . We hypothesize that the ablation of PINK1 impairs mitochondrial oxidation, resulting in reduced lipid oxidation and a subsequent feedback suppression of FABP4 gene expression.
Obesity is associated with impaired skeletal muscle mitochondrial fatty acid oxidation (38) , which in turn can lead to an accumulation of intracellular fatty acid metabolites and disrupted insulin signaling (1). The adverse effects on metabolic risk are mediated in part by the activity of the FABP4 gene. For example, Fabp4 Ϫ/Ϫ fat-fed mice become obese yet are less susceptible to insulin resistance and hyperinsulinemia (39, 40) . Furthermore, the absence of Fabp4 results in reduced lipolysis and lipolysis-induced insulin secretion in obese mice (40) . The exact mechanisms underlying these phenomena are unknown, although a functional compensation by keratinocyte fatty acid binding protein has been observed (41) . In the present study, PINK1 genotypes were robustly inversely associated with plasma NEFA levels in nonobese individuals but not in obese individuals. This finding that PINK1 variants have a marked effect on NEFA levels in people with a normal body mass, whereas the effect is lost in obese individuals, possibly due to additional factors dominating the regulation of mitochondrial capacity or fatty acid oxidation. Furthermore, obese individuals with diabetes had lower skeletal muscle PINK1 gene expression than nondiabetic obese individuals in one of our cohorts, which is likely to be a consequence of both genetic and lifestyle factors (2) . Taken together, this suggests that relative PINK1 deficiency could contribute to impaired NEFA metabolism and that obesity (or factors associated with obesity, such as physical inactivity) interacts with PINK1 to modify this relationship.
In summary, our findings demonstrate that polymorphisms at the PINK1 locus are associated with altered expression of this gene in skeletal muscle (a tissue that we can readily study) and thus it is possible that genetic variation influences PINK1 expression in other major organs associated with insulin action. These polymorphisms are also associated with markers of impaired oxidative substrate metabolism and thus our observations suggest that PINK1 sequence variants influence metabolic fitness and susceptibility to type 2 diabetes. However, many of our findings are at best nominally statistically significant, indicating that confirmatory studies, which are larger than those reported here, are needed if statistically robust effects of PINK1 variation on oxidative energy metabolism are to be shown. We are grateful to the individuals who took part in the studies described herein. We thank Tomas Waldén for his technical support with DNA isolation from the Danish cohort and for the brown adipose dissections. We also thank Matt Sims, Stewart Laing, and Cathy Elks for expert genotyping assistance. The MRC Ely study was supported by the UK Medical Research Council and the Wellcome Trust (N.J.W.). The Danish cohort was supported by the Commission of the European Communities (contract LSHM-CT-2004-005272 EXGENESIS and Danish National Research Foundation grant DG 02-512-555. P.W.F. was supported by grants from the Swedish Diabetes Association, Novo Nordisk, the Swedish Heart-Lung Foundation, and Västerbottens Health Authority. J.A.T. was supported by the Swedish Diabetes Association, the Swedish Parkinson's Society, and SSF Genome Canada. The funding agencies did not influence study design, data collection, data analysis, the decision to publish, or the preparation of the manuscript.
